We tested the hypothesis that birds in arid environments, where primary productivity is low and surface water is scarce, have reduced energy expenditure and water loss compared with their mesic counterparts. Using both conventional least squares regression and regression based on phylogenetically independent contrasts, we showed that birds from desert habitats have reduced basal and field metabolic rates compared with species from mesic areas. Previous work showed that desert birds have reduced rates of total evaporative water loss when exposed to moderate environmental temperatures in the laboratory. We tested whether reduced rates of total evaporative water loss translate into low field water fluxes. Conventional ANCOVA indicated that desert birds have reduced water fluxes, but an analysis based on phylogenetically independent contrasts did not support this finding, despite the wide array of taxonomic affiliations of species in the data set. We conclude that the high ambient temperatures, the low primary productivity, and the water scarcity in desert environments have selected for or resulted in reduced rates of energy expenditure and evaporative water loss in birds that live in these climes.
Introduction
High ambient air temperatures (T a ), low primary productivity, and lack of surface water place deserts among the most extreme terrestrial environments on earth. One might expect that birds living in desert 6conditions require specific physiological and behavioral adaptations. Low primary productivity could con-* To whom correspondence should be addressed; e-mail: tieleman@biol.rug.nl. strain energy intake and potentially favors individuals with low rates of energy expenditure (Louw and Seely 1982; Williams and Tieleman 2000b) . Likewise, lack of surface water ostensibly limits water intake and could select for low evaporative and excretory water losses. Despite these predictions, early work on metabolism and water flux of birds did not show any general physiological differences between desert and nondesert species (Bartholomew and Cade 1963; Bartholomew 1964 ; Dawson and Schmidt-Nielsen 1964; Serventy 1971; Dawson 1984) . Since then, some studies on desert birds, typically on a single species, have reported low basal metabolic rate (BMR; Dawson and Bennett 1973; Weathers 1979 ; Arad and Marder 1982; Withers and Williams 1990) , field metabolic rate (FMR; Nagy 1987), and water flux (Nagy and Peterson 1988) . Still, apparently due to the lack of general comparisons, the idea that desert birds do not possess unique physiological adaptations to their environment has persisted (Maclean 1996) . Dawson and Bartholomew (1968) , who originally suggested a lack of physiological adaptations among desert birds, cautioned that most early work was based on birds from North American deserts, regions that are relatively young on an evolutionary time scale (Axelrod 1983; Mead 1987) , and suggested that adding species from Old World deserts might alter our concepts about physiological adjustments of birds to desert environments. During the past 2 decades, studies of birds in the deserts of Africa, the Middle East, and Australia have substantially increased the number of species for which data on energy and water balance are available. A first step toward understanding the physiological adaptations that enable birds to exist in arid environments, might come from a comparison of laboratory traits like BMR and total evaporative water loss (TEWL) between desert and nondesert species. Laboratory measurements gain evolutionary significance if one finds consistent patterns in data collected in the field, where natural selection operates on a combination of physiology and behavior. Since the advent of the doubly labeled water technique (Lifson and McClintock 1966; Nagy 1975; Speakman 1997) , there are now sufficient field data on energy expenditure and water flux of birds to determine whether the results from laboratory measurements can be extended to field situations. In addition, the introduction of statistical methods that take into account phylogeny (Felsenstein 1985 ; Harvey and Pagel 1991; Garland et al. 1992 ) justifies a reevaluation of BMR, FMR, and water flux in desert birds compared with their nondesert counterparts.
Physiological and Biochemical Zoology
A review based on 102 species showed that TEWL is lower (Sibley and Ahlquist 1990 Struthionidae:
Ostrich Struthio camelus (1) Arid 95, 400, 88,250, 88,250 5,195.2 18,040.0 3,129 Withers 1983; Williams et al. 1993 Casuariidae:
Emu Dromaius novaehollandiae (2) Arid 40,700 3,240.8 … … Maloney and Dawson 1993 Galliformes:
Phasianidae:
Gambel's quail Callipepla gambelii (3) Arid 145 57.0 90.8 17.7 Goldstein and Nagy 1985 Blue Degen et al. 1983; Kam et al. 1987 Sand partridge Ammoperdix heyi (9) Arid …, 187.7, 184.9 … 160.3 20.5 Degen et al. 1983; Kam et al. 1987 Piciformes:
Picidae:
Acorn in desert birds compared with nondesert species, at least when measured in the laboratory at 25ЊC (Williams 1996) . This finding suggests one or more physiological mechanisms that may reduce evaporative water loss , and that may affect field water fluxes in desert birds. In a compilation of field water fluxes, Nagy and Peterson (1988) found that desert birds ( ) had lower n p 5 water fluxes than nondesert birds. However, their conventional least squares regression analysis included multiple data for the same species, an approach that inflates the degrees of freedom for statistical tests and that may bias estimates of the slope and intercept in regression analysis (Pagel and Harvey 1988) .
Desert birds can potentially reduce TEWL and water flux if they reduce BMR and FMR, respectively, thereby producing less heat. Although several authors have suggested that desert birds have a reduced BMR compared with nondesert species (Dawson and Bennett 1973; Weathers 1979 ; Arad and Marder 1982; Withers and Williams 1990; Schleucher et al. 1991) , a formal comparative analysis has not been performed. Recently, Nagy et al. (1999) have reported that FMR of desert species was 50% of FMR for nondesert birds, but their analysis did not take into account phylogenetic relatedness between species.
In this article, we examine the relationships between BMR, FMR, water flux, and body mass in birds and investigate whether these traits are reduced in desert birds compared with birds from mesic environments. First, we use conventional least squares regression, a technique that assumes an evolutionary model where all species have radiated from a common ancestor and have evolved at equal rates (Purvis and Garland 1993) . Second, we use Felsenstein's (1985) method of phylogenetically independent contrasts to attempt to control for relatedness between species in an evolutionary model where species are placed in a branching hierarchical phylogeny. The specific questions that we address are: (1) Do birds from desert environments have a lower BMR than birds from mesic habitats? (2) Do birds from desert regions have a reduced FMR compared with birds from mesic areas? (3) Do birds from desert environments have a low water flux in comparison with birds from nondesert areas?
Material and Methods
Basal metabolic rate is measured under a specified set of experimental conditions that renders it an important basis of comparison among species (King 1974) . We assembled data for BMR that were obtained on postabsorptive, inactive birds in darkened metabolic chambers during the rest phase of their circadian cycle at thermally neutral T a 's. Some species show seasonal variation in BMR, whereas others do not (Weathers 1980; Piersma et al. 1995; Dawson and O'Connor 1996) . We included species in our analysis regardless of the time of year measurements were made. We excluded studies that did not adequately describe experimental conditions (e.g., Kendeigh et al. 1977) , studies that reported resting metabolic rate (sensu Bennett and Harvey 1987 ) instead of BMR, and studies that did not establish a thermoneutral zone (e.g., Yarbrough 1971) .
FMR and water flux have been determined in a wide variety of field situations, often during the nestling phase of the breeding season. We included data from studies that used the doubly labeled water (DLW) technique on free-living birds without regard to time of the year but excluded data on incubating birds. This excluded eight species, all from mesic areas, and excluded data on several penguins that fast for extensive periods during incubation. In cases where studies reported several values (e.g., per season) for one species, or in cases where a number of independent studies reported values for the same species, we averaged the data to obtain one value per species. We excluded data for water flux of species that were not in water balance during the study (Weathers and Nagy 1980, 1984) .
The classification of species as desert or nondesert is problematic because desert conditions are the result of a variety of factors, such as solar radiation, rainfall, T a , and wind, which taken together form a continuum. We followed the judgment We used the topology of Sibley and Ahlquist (1990) , based on DNA-DNA hybridization, to construct a phylogeny of the 139 bird species in our analysis (Fig. 1) . Species that were not included in Sibley and Ahlquist (1990) were placed close to sister species, either with the advice from specialists or based on the classification scheme of Sibley and Monroe (1990) . Branch lengths were based on DT 50 H values, unless the species were part of an unresolved polytomy, in which case we assigned an arbitrary branch length of one (Williams 1996) . Common and taxonomic species names follow Sibley and Monroe (1990) . For each analysis (BMR, FMR, water flux), we used the appropriate subset (Table 1 ) of the phylogenetic tree (Fig. 1) .
We used the PDTREE module of the Phylogenetic Diversity Analysis Program (Garland et al. , 1999 to compute Felsenstein's (1985) standardized independent contrasts for logtransformed values of body mass (g), BMR (kJ d Ϫ1 ), FMR (kJ d Ϫ1 ), and water flux (mL d Ϫ1 ). To test whether the contrasts were adequately standardized, we regressed the absolute values of the standardized contrasts against the standard deviations and verified that none of the variables (log BMR, log FMR, log water flux, log body mass) showed a linear trend (Garland et al. 1992) . When a variable showed a linear trend, we performed a square root transformation of the branch lengths and obtained proper standardization (Díaz- Uriarte and Garland 1998) .
Regression analyses of the standardized independent contrasts for log BMR, log FMR, and log water flux against those for log body mass, forced through the origin (Garland et al. 1992; , yielded estimates of the slopes of these relationships without the effects of genealogical history. To determine the intercepts, we solved the equation Y p a ϩ , where X and Y are the root-node contrast values for log bX BMR (or log FMR or log water flux) and log body mass, respectively (Garland et al. 1999) . The degrees of freedom were calculated as the number of independent contrasts minus the number of unresolved branches (Purvis and Garland 1993) .
To determine whether desert birds differed from those from mesic environments with respect to BMR, FMR, and water flux, we calculated independent contrasts for environment scored as zero for desert and one for nondesert (Williams 1996) . Plots of the standardized independent contrasts of environment and their standard deviations revealed whether standardization had been adequate. If standardization was inadequate, we performed square root transformations of the branch lengths that successfully eliminated the linear trends. Using stepwise multiple regression through the origin, we tested for the influence of environment on BMR, FMR, and water flux in birds with the standardized contrasts of these log-transformed variables as the dependent variable and the standardized contrasts of environment and log body mass as independent variables (Williams 1996) . The entry criterion for selection of variables in the equation was . P p 0.05 Statistical tests were carried out with the PDTREE module in the Phylogenetic Diversity Analysis Program (Garland et al. , 1999 or with SPSS (1999). Means are presented ‫1ע‬ SD.
Results

Basal Metabolic Rate
Based on conventional analysis, log BMR varied positively with log body mass among all birds with a slope of 0.638 ( Using phylogenetically independent contrasts, log BMR varied positively with log body mass among all birds with a slope of 0.677 ( ), and (g). CI is 95% confidence interval. M p mass through the origin of standardized contrasts for log BMR as dependent variable and standardized contrasts of log body mass, environment, and the interaction between log body mass and environment as independent variables disclosed that the latter interaction had an insignificant effect ( , t p 0.28 P p ), while environment had a significant effect in the equation 0.78 ( , ). We then separated the data on BMR based t p 2.82 P ! 0.01 on the environment, generated a phylogenetic tree for each subset of data (based on Fig. 1) , and calculated an equation for desert and nondesert birds (Table 3, Eqq. [5], [6] ). Hence, desert birds had a reduced BMR using both methods of analysis (Fig. 2) .
Field Metabolic Rate
Conventional analysis of log FMR versus log body mass for all birds yielded a slope of 0.703 ( The relationship between log FMR and log body mass among all birds, which resulted from a regression of independent contrast analysis, had a slope of 0.671 (Table 3, Eq. [10]). Stepwise multiple regression of standardized contrasts for log FMR as dependent variable and standardized contrasts of log body mass, environment, and the interaction between log body mass and environment as independent variables revealed that environment had a significant effect in the equation ( , t p 2.11 ), whereas the interaction had no significant influence P ! 0.04 ( , ) . We then separated the data on FMR t p Ϫ1.57 P p 0.12 based on environment, constructed a phylogenetic tree for each data set (based on Fig. 1) , and calculated equations for each environmental category (Table 3, Eqq. [11], [12] ). Birds from deserts had significantly lower FMRs in both methods of analysis (Fig. 3A) .
Field Water Flux
Based on conventional analysis of data for all birds, log water flux related to log body mass with a slope of 0.719 (Table 2 , Eq.
[13]). We tested for differences in water flux between desert and nondesert birds using ANCOVA and found that the slopes of the regression lines for desert and nondesert species did not differ significantly ( , ; Fig. 3B ). Assuming a F p 0.9 P p 0.34 1, 54 common slope, Equation (14) ( Table 2) , for water flux in desert birds, had a significantly lower intercept than Equation (15) ( Table 2) , for nondesert species ( , ). F p 40.7 P ! 0.001 1, 55 The regression for log water flux and log body mass in all birds, based on phylogenetically independent contrasts, had a slope of 0.659 (Table 3, Eq. [16] ). Stepwise multiple regression of standardized contrasts for log water flux as dependent variable and standardized contrasts of log body mass, environment, and the interaction between the latter two as independent variables revealed that neither the interaction term ( , t p Ϫ0.52 ) nor environment had a significant effect in the equa-P p 0.60 Figure 3 . A, Logarithmic plot of field metabolic rate in desert birds (unfilled circles) and nondesert birds (filled circles) versus body mass. The allometric equations obtained by the method of phylogenetically independent contrasts are plotted for desert birds (dotted line) and nondesert species (solid line). B, Logarithmic plot of field water flux in birds from desert (unfilled circles) and nondesert (filled circles) habitats versus body mass. The allometric equations generated with conventional least squares regression analysis are plotted for desert (dotted line) and nondesert species (solid line). The equation for all birds obtained with the method of phylogenetically independent contrasts is represented by the dashed line.
tion ( , ) . In contrast to our conventional analt p 0.68 P p 0.50 ysis, the phylogenetic analysis did not reveal a significantly reduced water flux in desert birds compared with their nondesert counterparts.
Elimination of Seabirds from Analyses
Our initial analyses could be questioned because we included seabirds and terrestrial birds in our category of nondesert species. We repeated the comparison of BMR, FMR, and water flux between desert and nondesert birds with both comparative methods but eliminated seabirds (Laridae, Sulidae, Procellariidae, and Spheniscidae) from the data set. Results were consistent with our analyses that included all birds: BMR and FMR were reduced in desert birds compared with their mesic counterparts, irrespective of the comparative method used. Water flux was significantly lower in desert birds based on conventional analysis but not based on independent contrasts.
Discussion
We have shown that birds from desert habitats have a reduced BMR and FMR compared with species that live in mesic areas. The low energy expenditure of desert birds is accompanied by reduced rates of TEWL in the laboratory (Williams 1996) . Water flux was reduced in desert birds when evaluated using conventional ANCOVA, but the analysis based on phylogenetically independent contrasts did not yield a significant reduction in water flux in desert birds. Usually, if data are phylogenetically diverse, as in this study, phylogenetic and conventional analysis arrive at similar conclusions (Weathers and Siegel 1995; Ricklefs and Starck 1996) . The broad representation of taxa in our analyses (Table 1 ) and in the analysis of TEWL (Williams 1996) supported the hypotheses that reductions in the rates of energy expenditure and evaporative water loss of desert birds are adjustments to their environment, where primary productivity is low and surface water is scarce, and indicated that these conclusions were not solely based on a few taxonomic groups that have reduced rates of metabolism and water loss in general. The extent to which reduced rates of metabolism and water loss in desert birds are attributable to genetic differences, to acclimatization, or to a combination of both remains unresolved.
Basal Metabolic Rate
We used two comparative methods to determine the relationship between BMR and body mass for all birds. Although the slope and intercept of our conventional least squares regression equation fell within the 95% confidence intervals around the slope and intercept of the equation based on phylogenetically independent contrasts, the predictions made by the two lines differed considerably (Table 4) . BMR of a 10-g bird as predicted by Equation (4) (Table 3) based on independent contrasts was 24% lower than when predicted by conventional analysis. Comparing our Equation (4) ( Table 3) for BMR with another phylogenetically corrected equation for BMR in birds, based on a Monte Carlo simulation (log log M; BMR p 0.625 ϩ 0.635 Reynolds and Lee 1996) , we found a steeper slope and a lower intercept. This resulted in lower predictions for BMR when the predictions were based on our phylogenetic analysis (Table 4) . The allometric equation of Reynolds and Lee (1996) should be used with caution because there is no evidence that Monte Carlo simulations give unbiased estimates of slope and intercept. In addition to the Monte Carlo simulation, Reynolds and Lee (1996) analyzed their data using phylogenetically independent contrasts and found a slope of 0.722. Compared with the slope from our analysis using independent contrasts (0.677), their slope is larger but still falls within our 95% confidence interval of 0.632-0.731.
The differences between our equations and the ones published by Reynolds and Lee (1996) may be partly the result of different criteria for BMR. Their analyses are based to a large degree on data from Bennett and Harvey (1987) , who did not restrict their analysis to BMR but included data for resting birds that might include some costs of thermoregulation. Furthermore, Bennett and Harvey (1987) included data published by Kendeigh et al. (1977) , who did not provide a detailed description of their methods. To test whether the nighttime measurements of BMR for 121 species, which were reported by Kendeigh et al. (1977) but had not been published in peer-reviewed journals, were consistent with data published in peer-reviewed journals, we compared these two data sets with conventional ANCOVA. The slopes of the regression lines through each data set did not differ significantly ( , ), but the F p 1.4 P 1 0.24 1, 200 intercept was significantly higher (by 10%) for the equation based on the data of Kendeigh et al. (1977;  ,
). If allometric equations for BMR are to provide a ref-0.001 erence for comparative work, data should be carefully selected before analyses.
Both comparative methods support the hypothesis that desert birds generally have a reduced BMR (Table 5 ). Based on conventional ANCOVA, we found a reduction of 17% in BMR from desert birds compared with their nondesert counterparts, independent of body mass. Based on the analysis that took into account the phylogeny of birds, the reduction in BMR varied from 38% in a 10-g bird to 7% in a 1,000-g bird. Despite the agreement of both methods that desert birds generally have a reduced BMR, problems arise when one attempts to compare predictions for mesic birds with those for desert birds. For example, predictions of BMR for desert birds using conventional analysis correspond more closely to predictions for nondesert species than to those for desert species based on independent contrasts (Table 5) .
Reductions in BMR can result from a smaller amount of metabolically active tissue and/or metabolic tissue that is less active per unit mass. Less metabolically active tissue can be reflected in the size of a number of organs that have been shown to contribute substantially to BMR, for example, heart, kidneys, brain, and intestine (Daan et al. 1990 ; Konarzewski and Diamond 1995; Piersma et al. 1996; Kersten et al. 1998) . Less active metabolic tissue can result from differences at the cellular level, such as reduced thyroxine secretion rates (Yousef and Johnson 1975; Scott et al. 1976; Merkt and Taylor 1994) , fewer Na ϩ -K ϩ pumps, fewer mitochondria per unit tissue, a decreased total mitochondrial inner membrane area, or lower protein turnover (Rolfe and Brown 1997) .
Field Metabolic Rate
Using two comparative methods, we obtained allometric equations that relate FMR to body mass in all birds. The slope and intercept of the conventional least squares regression were within the 95% confidence intervals of those for Equation (10) ( Table 3) based on independent contrasts. The slopes and intercepts of earlier allometries for FMR, based on conventional least squares regression analyses (Nagy et al. 1999 ) and smaller sample sizes (Nagy 1987; Williams et al. 1993) , also fell within the 95% confidence intervals for slope and intercept of Equation (10) ( Table 3) . Despite the general agreement between methods, the difference in predictions of FMR from conventional and phylogenetic analyses is a concern. Predictions based on independent contrasts (Table 3 , Eq.
[12]) are 22%-33% lower for birds over a body size range of 10-1,000 g than predictions based on conventional least squares regression (Table 2, Eq.
[7]). Desert birds had a significantly lower FMR than nondesert species, irrespective of the comparative method used for this analysis. Based on conventional ANCOVA, we found that FMR was reduced by 49% in desert birds compared with nondesert species, a confirmation of the conclusion by Nagy et al. (1999) . In agreement with this result, the independent contrast comparison revealed a reduction of about 40% in desert birds. Despite general agreement about the reduced FMR of desert birds, predictions for FMR of desert and nondesert species based on either of the comparative methods may differ (Table  5) .
Reductions in FMR can be brought about by physiological and/or behavioral adjustments. The corresponding finding of a 17% reduction in BMR in desert birds suggests that the reduction in FMR is only partially attributable to physiological differences. The relatively high T a 's in many deserts might decrease the energetic costs for thermoregulation compared with some nondesert areas, thereby reducing FMR in desert birds. In addition, some desert species spend long periods at rest in the shade during the middle part of the day, a behavior that could reduce FMR.
Desert environments have three characteristics that might influence selection on FMR and BMR. First, the low primary productivity would favor individuals with low FMR. Low FMR would be accompanied by relatively low reproductive outputs and reflected in reduced BMR and small organs (Daan et al. 1990 ). Second, the relatively high T a 's in deserts reduce thermoregulatory requirements and might result in a combined reduction of FMR and BMR. As food intake likely decreases in parallel to energy demand, organ systems involved in catabolism or elimination of wastes can decrease in size when food intake decreases, thereby reducing BMR Williams and Tieleman 2000a) . Third, lack of drinking water may influence the energy balance of desert birds. In an environment where water is scarce, the need for evaporative cooling can be reduced by lowering endogenous heat production. Most likely, low primary productivity, high T a 's, and lack of drinking water act in concert to select for a combination of reduced FMR and BMR in desert birds. The relative importance of the Table 4 : Comparison of predicted rates of basal metabolic rate (BMR) from Equation (1), based on conventional analysis (CA), Equation (4), based on phylogenetically independent contrasts (PIC), and the equation provided by Reynolds and Lee (1996) Mass (g)
Equation (1) CA Equation (4) PIC Reynolds and Lee (1996) 
Field Water Flux
We described the relationship between water flux and body mass in all birds with two allometric equations based on different statistical methods. The slope and intercept of our conventional least squares regression equation, and those from earlier studies ( Nagy and Peterson 1988; Williams et al. 1993) , fell within the 95% confidence intervals around the slope and intercept of our equation based on phylogenetic analysis. Despite this general agreement, the equation based on independent contrasts predicted lower rates of water flux than the equation based on conventional analysis. Water fluxes of desert birds were 59% lower than those for nondesert species when the comparison was based on conventional ANCOVA (Table 5 ). In contrast, the stepwise multiple regression analysis using independent contrasts revealed no significant effect of environment on the water fluxes of birds. The conflicting results produced by the different comparative methods caught us by surprise after the seemingly striking difference between the data for desert and nondesert species (Fig. 3B) . We have investigated the reasons for this disparity. The variance around the equation based on independent contrasts is considerably larger (Table 3; ) than the variance around 2 r p 0.64 the equation based on conventional analysis (Table 2; 2 r p ). We explored whether differences could be attributed to 0.87 a few outlying contrasts, but visual inspection of plots of contrasts did not reveal this to be a problem.
A reduced water flux of desert birds in the field would correspond to the low TEWL rates for desert birds measured in the laboratory (Williams 1996) and would suggest the presence of physiological and behavioral mechanisms that reduce water loss in desert birds. Tolerance of hyperthermia has been suggested to reduce evaporative water loss in birds (Calder and King 1974; Weathers 1981; Dawson 1984; Withers and Williams 1990) , but no evidence is available to suggest that desert birds elevate their body temperature more than nondesert species . Second, some birds may reduce cutaneous water loss by altering the lipid composition of their skin (Webster and Bernstein 1987; Menon et al. 1989 Menon et al. , 1996 . Third, desert birds may have the ability to minimize water lost during expiration, either by exhaling unsaturated air (Withers et al. 1981) or by recovering water with the aid of countercurrent heat exchange in the nasal passages (Schmidt-Nielsen et al. 1970 ). An experimental test of the latter hypothesis confirmed water recovery in one of two lark species but only at T a 's up to 25ЊC . A fourth way to reduce evaporative water loss would be an improved potential for dry heat loss through an increased dry heat transfer coefficient (h) when T a 's are below body temperature and through a decreased h when T a 's exceed body temperature. Fifth, desert birds may minimize excretory water loss, although currently there is no evidence that the concentrating ability of their kidneys is improved over nondesert species (Goldstein and Braun 1989; Williams and Tieleman 2000b) . Sixth, reduced metabolic heat production would decrease the need for evaporative cooling in desert birds. Seventh, desert birds may increase their oxygen extraction efficiency to reduce ventilation and concurrent evaporative water loss. In addition to these physiological mechanisms, behavioral adjustments, including microclimate selection Williams et al. 1999) and reduced activity during the middle part of the day (Schleucher 1993; Hinsley 1994) , probably play an important role in minimizing water loss in desert birds in the field.
An oft-applied measure to express the effectiveness of mech-anisms that conserve water is the water economy index (WEI; mL water kJ Ϫ1 ), calculated as the ratio of water flux and FMR ( Nagy and Peterson 1988) . Nagy and Peterson (1988) hypothesized that desert vertebrates conserve water more effectively than their nondesert relatives but found no statistical support when they tested this hypothesis in birds. After calculating the WEI, and verifying that the WEI was not related to body mass, we compared the WEI for desert and nondesert birds. The average WEI for desert species ( , ) was sig-0.16 ‫ע‬ 0.061 n p 14 nificantly lower than for nondesert birds ( , 0.20 ‫ע‬ 0.089 n p ; , ) . 40 t p Ϫ1.65 P p 0.05
Interpretations of the WEI are complex because water flux values do not necessarily reflect minimum water requirements, confounding inferences about water-conserving mechanisms based on WEI values. The WEI can be interpreted in light of the environmental context of a species only if one makes assumptions about drinking and about water and energy content of the diet. Assuming that water and energy intake reflect minimum requirements, one might expect a low WEI for animals in cold environments, where little or no evaporative cooling is required and a high metabolism is needed for thermoregulation. In contrast to this situation, many desert birds live in environments with high T a 's where the need for evaporative cooling is potentially large. Given the low rates of metabolism of desert birds, one would not expect an unusually low WEI if water flux reflected these thermoregulatory needs. A reduced water flux can only be accomplished if either a large amount of water lost for evaporative cooling is compensated by a small loss of water through excretory pathways or if the potential for heat loss via nonevaporative pathways is increased, reducing the amount of water required for evaporative cooling. Therefore, under the assumption that water and energy intake reflect minimum requirements, the combination of a reduced FMR and a low WEI in desert birds suggests that water may dictate energy expenditure in desert environments.
Different Results from Different Comparative Methods
This article addresses the question whether birds in desert environments differ from nondesert species with respect to three potentially adaptive traits (BMR, FMR, and water flux) using multispecies comparisons that included species from the entire taxonomic spectrum of the modern-day avifauna. In light of the ongoing debate about the proper statistical analysis for multispecies allometries (Weathers and Siegel 1995; Westoby et al. 1995; Martins and Hansen 1996; Ricklefs and Starck 1996; Starck 1998) , we used two comparative methods, namely, conventional ANCOVA and regression analysis based on phylogenetically independent contrasts (Felsenstein 1985; Garland et al. 1992) . Although Ricklefs and Starck (1996) have found that the results of these two methods are usually in agreement, we found some striking differences in our results. Qualitatively, the two methods agreed that desert birds have reduced BMR and FMR but disagreed about whether this was also the case for water flux. Quantitatively, predicting BMR, FMR, and water flux from the allometric equations obtained by the two comparative methods resulted in large differences.
The discussion about comparative methods has focused on finding the correct statistical approach, but considering the variety of goals for which comparative analyses are used, one can imagine that different purposes require different approaches. As long as the issue of how to correct for phylogeny is subject to debate (Miles and Dunham 1993; Weathers and Siegel 1995; Westoby et al. 1995; Martins and Hansen 1996; Ricklefs and Starck 1996; Björklund 1997; Starck 1998) , it might be wise to combine broad multispecies comparisons with intrafamily or intraspecific comparisons to strengthen conclusions about adaptation.
